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guration
Carsten M. Liersch and Kerstin C. Huber
German Aerospace Center (DLR), Braunschweig, Germany
Applying DLR's conceptual aircraft design system to military ying wing congurations,
the design of a generic UCAV conguration is presented. For its outer shape, the SACCON
geometry specied by NATO STO/AVT-161 Task Group was taken. For mission analysis
and structural sizing, aerodynamic data from fast and robust conceptual design methods
(i.e. potential ow theory) were used. In order to assess the validity of these simple
methods for such congurations, a comparison with results from RANS aerodynamics and
wind tunnel measurements was performed. The results of this design task were included
into the stability and control investigations performed within the AVT-201 task group.
Nomenclature
CA Axial force coecient [ ]
CD Drag force coecient [ ]
CL Lift force coecient [ ]
CN Normal force coecient [ ]
CS Body-xed side force coecient [ ]
CY Side force coecient [ ]
Cl Rolling moment coecient [ ]
Cm Pitching moment coecient [ ]
Cmx Body-xed X-moment coecient [ ]
Cmy Body-xed Y -moment coecient [ ]
Cmz Body-xed Z-moment coecient [ ]
Cn Yawing moment coecient [ ]
Ixx Mass moment of inertia (X-axis) [ ]
Iyy Mass moment of inertia (Y -axis) [ ]
Izz Mass moment of inertia (Z-axis) [ ]
V Freestream velocity [ms ]
p; q; r Rotation rates (X, Y , Z-axis) [

s ]
Conventions
X;Y; Z Coordinate system
Symbols
 Angle of attack []
 Angle of yaw []
Figure 1. Coordinate system [see Vicroy et al.1]
I. Introduction
Aircraft design is a higly multidisciplinary task, involving experts from a number of disciplines such asaerodynamics, propulsion, structures, and many others. Even in the early stages of conceptual design it
Research Scientist, German Aerospace Center, Institute of Aerodynamics and Flow Technology, Lilienthalplatz 7, 38108
Braunschweig.
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is very useful to have all these experts in the loop. This may help to avoid decisions which may later prove as
problematic when looking more into detail. Especially the discipline of ight mechanics is often introduced
at later stages of design since required data regarding aerodynamics, masses, and control surface eciencies
may not be available before. This late-binding of such a crucial discipline has led to a number of substantial
problems during the history of aircraft design and should be prevented by providing comprehensive aircraft
data as early as possible. Another advantage of early including disciplinary experts and their physics-based
tools into the design process becomes apparent when designing unconventional aircraft congurations such
as a highly swept ying wing UCAVa. In this case, empirical handbook methods might lead to wrong results
if the statistical basis from which they were derived does not cover the designed conguration suciently.
The concept to include disciplinary experts, their tools and knowledge even in the very beginning of
the design process is one of the core concepts of the aircraft design system being developed by DLRb since
2005.2,3, 4 The system consists of three parts:
 Data exchange
A data exchange le format called CPACSc is being developed for the DLR aircraft design system.5
CPACS is an XML based data format which is designed to store aircraft data in a hierarchical way.
It was introduced mainly to serve as a common language between the disciplinary analysis tools. Two
software libraries6 called TiXId and TiGLe are being developed to ease the use of CPACS. While TiXI
provides a simple interface to create, read, modify, and write CPACS datasets, TiGL generates a CADf
model of the aircraft and oers methods to query geometric data from this model. The TiGL-Viewer
application can be used to visualise the underlying CAD model. The complete package of CPACS and
libraries is available under open source licenses.7,8, 9
 Disciplinary analysis tools
The analysis of an aircraft conguration is performed by disciplinary analysis tools which are provided
and maintained by the disciplinary experts. For many disciplines, there is already more than one tool
available - each one covering a dierent level of delity or using a dierent way of modeling. What they
all have in common is the need to read and write CPACS datasets as input and output. For new tools,
it is certainly a good way to use the CPACS data format directly. For legacy codes, which typically
have (and shall keep) their own data formats, the best way is to use a so called "toolwrapper". A
toolwrapper is a small program which reads a CPACS le, writes an input le for the tool, runs the
tool, reads the output le of the tool and nally writes the results as a CPACS le. In order to keep the
disciplinary experts in the loop and to avoid a decoupling of the used tools from further development,
the tools are not gathered at one location to form a monolithic program. Instead, they are placed on
disciplinary tool servers which stay under maintenance and supervision of the corresponding expert.
Using a software integration framework, these distributed tools can be plugged together to form process
chains for aircraft design and analysis.
 Integration framework
The software integration framework serves as a sort of construction kit. Here, the disciplinary tools,
which are located on distributed servers, can be linked together to create process chains, customised
for individual design or analysis tasks. Trade-study tools, dierent optimisers and other drivers of the
process may be applied to get an impression of the sensitivities of the design parameters as well as
optimal solutions for specic target functions. Up to now, the commercial ModelCenter framework10
was mainly used for this task, but will be replaced by the DLR integration framework RCEg in the
future.11 Just as CPACS, TiXI, and TiGL, RCE is provided under an open source license as well.12
This aircraft design system was initially developed for the investigation of commercial transport aircraft.
Within some internal research projects the design system was extendend and used for the investigation
of a highly swept ying wing UCAV conguration, based on the SACCONh geometry from the NATO
STO/AVT-161 task group.
aUnmanned Combat Air Vehicle
bGerman Aerospace Center (Deutsches Zentrum fur Luft- und Raumfahrt e.V.)
cCommon Parametric Aircraft Conguration Schema
dTiXI XML Interface
eTiGL Geometry Library
fComputer Aided Design
gRemote Component Environment
hStability And Control CONguration
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II. Conceptual UCAV Design
Figure 2. SACCON outer shape
The initial design of the SACCON outer
shape (see Figure 2) was developed in 2007
and 2008 by partners from AVT-161 in order
to have a common, generic UCAV congu-
ration for research purposes.13 One of the
ideas behind SACCON was to have a geom-
etry which could exactly be reproduced in
a windtunnel model as well as in a CFDi
mesh. The original SACCON geometry has
a wingspan of approx. 1.54m which is well
suited to build a windtunnel model from it. The conceptual design task, presented in this article, was to
develop a realistic UCAV concept based upon the original SACCON outer shape. This means, that it was
only permitted to scale the whole SACCON geometry to a suitable size and to cut out parts for integrating
components like control surfaces or engine inlets and nozzles.
Parameter Value
Outer shape Scaled SACCON geometry
Propulsion 1 or 2 turbofan engines
Engine integration Buried, due to signature reasons
Payload storage internal (due to signature reasons)
Payload mass 1 2000 kg or 2 1000 kg
Design range 3000 km (without refuelling)
Fuel reserve  45min
Cruise altitude 11 km
Cruise Mach number 0:8 (all altitudes)
Stability margin 2   8%
Table 1. Mission parameters and boundary conditions
In general, each aircraft is designed to
fulll one or more specic design missions.
In this context, such a design mission incor-
porates a payload to be carried and a sim-
plied ight trajectory (consisting at least
of altitude and Mach number for a sequence
of waypoints). Aside from the mission it-
self, an aircraft has to meet a number of
further boundary conditions like operational
requirements and certication rules. For
this conceptual design study, only one design
mission and a very limited number of ad-
ditional boundary conditions were specied.
The used boundary conditions are composed
in Table 1. Figure 3 provides an overview of
the prole of the UCAV's design mission.
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Figure 3. UCAV design mission
iComputational Fluid Dynamics
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The payload mass for the UCAV was dened to be 2000 kg in total. Due to signature requirements, an
internal storage in one or two payload bays is mandatory. A design range of 3000 km without aerial refuelling
was considered sucient - an extra reserve of approx. 45minutes is desireable. With this assumption, an
operational radius of 1500 km could be reached. Cruise ight to the target area shall be performed at an
altitude of 11 km with a Mach number of 0.8. In the target area, the UCAV shall descend to an altitude of
300 m while keeping the Mach number of 0.8. During the last kilometres, it could even descend to 250 m
and accelerate to Mach 0.9 - but due to the xed outer shape, this is just an optional requirement. In order
to keep a good manouverability for this ying wing UCAV without making it laterally instable, a stability
margin of 2 - 8% was selected. Based on these parameters, an initial estimation of the overall aircraft size
and the corresponding take-o mass was made (see Table 2).
Parameter Initial Final
Scaling factor (compared to SACCON) 8:0 10:0
Wingspan 12:3 m 15:375 m
Maximum take-o mass 10:0 t 15:0 t
Thrust-to-weight ratio 0:35 0:4
Static thrust 35:0 kN 60:0 kN
Table 2. Main aircraft parameters
Figure 4. SACCON front view
These estimated values were used as a starting
point for all further investigations and had to be
updated during later stages of the design. Based
on knowledge from conventional small ghter/trainer
aircraft like the Northrop Grumman F5F Tiger II, the
thrust-to-weight ratio was set to a relatively small
value of 0.35, resulting in a required static thrust of
35 kN. Considering the xed outer shape which is shown in Figure 4, a concept with a central payload bay
and two engines aside would oer very limited vertical space for the engines, thus permitting only a low
bypass ratio. Some preliminary studies showed that such a conguration would need a much larger scaling
factor in order to store enough fuel to reach the specied design range. On the other hand, a single engine
is more ecient by default and its location in the middle of the aircraft oers much more vertical space.
Hence, this concept was chosen for further investigations. The payload bay was split into two parts which
were placed on either side of the engine.
Figure 5. UCAV CPACS geometry model
After dening the starting point, the concept was
investigated using DLR's conceptual design system.
An engine with the required thrust and diameter was
designed especially for this conguration and was in-
cluded alongside the structural topology and other
main components of the UCAV. Using the SACCON
CAD geometry together with the already dened pa-
rameters, a CPACS model of the UCAV was created.
This CPACS model, visualised by the TiGL-Viewer
in Figure 5, was used as a central data repository be-
ing lled up during the design process. Furthermore,
a Microsoft Excel spreadsheet with a 2D planform
view of the geometry and its main components was
created in order to calculate mass breakdown, center
of gravity (CG), and mass moments of inertia. In
order to be able to investigate changes in center of
gravity locations and available fuel volume with respect to parameter changes, it was decided to integrate
this spreadsheet directly into the process chain - even though it is limited to congurations which are quite
similar to the current concept. In the future, a more common tool with similar features is expected to be
available within DLR's design system.
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Figure 6. Conceptual design process (ModelCenter)
Figure 6 illustrates the
complete design process, as
it was created for the UCAV
design task: Starting from
the CPACS source dataset
(upper left corner), the
workow splits up into two
main branches, which are
computed in parallel, and
a third branch (upper right
corner). The latter is just
responsible for visualising
the current geometry by us-
ing TiGL functionalities.
The rst (left) one of
the two branches creates
a performance deck for
the engine. This perfor-
mance deck contains all rele-
vant engine parameters (e.g.
mass ows, temperatures,
emissions) over a variety of
ight levels, Mach numbers
and thrust settings. The
propulsion tool "TWdat"
which is used here is a
database, fed with a num-
ber of engines in advance.
The engine design itself is
performed separately in the
gas turbine simulation en-
vironment "GTlab".14 The
second branch (middle) cre-
ates a set of aerodynamic
performance maps. The
rst set contains force and
moment coecients over a
variety of Mach numbers,
Reynolds numbers, angles of
yaw and angles of attack for
the "clean" conguration without control surface deections. On top of this four-dimensional clean con-
guration dataset, a ve-dimensional delta-coecient performance map is created for each control surface
(introducing the control surface deection as fth dimension). By superposition of dierent control surface
delta-coecients with the absolute coecients of the clean conguration dataset, it is possible to combine the
deections of multiple control surfaces. A third set of aerodynamic performance maps contains the damping
derivatives for each point of the clean conguration dataset. Depending on the number of each of the dimen-
sions' entries and on the number of control surfaces, this aerodynamic dataset may grow quite large. In fact,
for the example presented here, it contains a number of 57 600 entries in total. Even with modern computer
systems it is not possible to handle such a number of RANSj-CFD computations in an acceptable timeframe
- but using simple, potential ow theory based aerodynamics methods, such a performance deck can be
created within a few hours or even within minutes. In this process chain Analytical Methods' commercial
"VSAERO" tool15 is used in combination with DLR's simple "HandbookAero" method which accounts for
skin friction drag and wave drag. Other tools, like DLR's open source "LIFTING LINE" method,16,17 could
be used here as a replacement for VSAERO as well. The question about the limitations of potential ow
jReynolds-Averaged Navier-Stokes equations
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methods and whether they can be used to model such a conguration and the associated ow physics will
be discussed in Chapter III.
The results of the propulsion and aerodynamics branches are both joined together into the CPACS dataset
and handed over to the "TotalMassCoG" script. Furthermore, the engine's mass and position are directly
inserted into the Excel spreadsheet described above. The TotalMassCoG script imports mass data, center of
gravity location and mass moments of inertia from this Excel spreadsheet and writes them into the CPACS
as well. So at this point of the process chain, the dataset contains updated performance maps and total
mass data. The following block is an iterative loop which calculates required fuel, landing gear mass, and
structural mass. The left branch contains the tool "ightSimulation" which simulates a ight of the aircraft
as specied in the design mission.18 As a result, the ight trajectory and the required fuel are written
back to the CPACS le. In the second branch, a script selects critical loadcases which are then calculated
by the connected aerodynamic tools. Again, VSAERO and HandbookAero are used here, but in this case,
the output of the aerodynamic tools is a number of spanwise distributions of the aerodynamic coecients
which can be used for structural sizing. In parallel to the rst two branches, the right branch uses the tool
"LGDesign" to analyse and size the landing gear.19 As a result, it provides landing gear mass and critial
ground loadcases which are combined with the spanwise aerodynamic coecient distributions and fed as an
input into the structural sizing tool "ModGen". ModGen creates a structural model of the UCAV and sizes
the thicknesses of the elements.20 The computed data for the UCAV's structural mass are combined with
the fuel mass from the rst branch to a resulting UCAV model. Finally the so-called "Converger" module
checks, whether the resulting masses dier signicantly from the ones used at start of the iteration loop,
and, if necessary, it updates the Excel spreadsheet and starts the next iteration.
When the iteration nally has converged, a subsequent analysis process is started: In this case, the
ightSimulation tool is used again, but this time it creates a dynamic aircraft model which is handed over
to the "HAREM" tool. HAREM is an analysis tool for investigating and evaluating the handling qualities
of an aircraft.21,22
The whole process chain was created using DLR's conceptual design system and runs completely auto-
matically. In this case, it uses the ModelCenter integration framework for tool coupling and data exchange.
Aside from small scripts and other supporting components it contains 7 dierent disciplinary tools (3 of
them are even used twice in dierent working modes), residing on 6 servers, provided by 5 DLR Institutes,
located at 4 dierent sites distributed over Germany.
As a result from running the process chain, it became obvious that the required fuel volume was nearly
two times the available tank volume. Furthermore, it turned out that the payload bays would roughly need
twice of the volume available and that the maximum take-o mass would signicantly exceed the estimated
amount of 10 metric tons. As a consequence, the initially estimated parameters had to be revised: A second
global scaling step - this time with a factor of 1.25 (meaning a factor of 10 compared to the SACCON
geometry in total) and a new maximum take-o mass of 15 metric tons seemed promising here (see Table 2
on page 4). After this resizing process, the engine had to be re-dimensioned as well. Taking this as an
opportunity, the trust-to-weight ratio was also slightly increased to 0.4. The revised engine uses the extra
space for a higher bypass ratio and provides increased thrust as required while showing a much smaller
specic fuel consumption. Main parameters of both engine designs are provided in Table 3 below.
Parameter Condition Unit Initial Final
Static thrust take-o kN 35:0 60:0
Bypass ratio cruise ight   1:56 3:78
Overall pressure ratio take-o   28:8 27:65
Mass ow take-o kgs 60:8 149:05
Turbine entry temperature take-o K 1819:0 1835:95
Specic fuel consumption cruise ight gkNs 22:82 20:03
Fan diameter all m 0:65 1:12
Length all m 2:0 2:3
Weight all kg 700:0 1100:0
Table 3. Engine parameters
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Figure 7. Main components of the UCAV conguration (Excel spreadsheet)
With this new aircraft size,
the Excel spreadsheet was used
to arrange the inner compo-
nents in more detail so as to
get the landing gear in the right
place, to provide enough vol-
ume for fuel tanks and to nd
good locations for the other
main components. The ma-
jor task of this design step was
to limit the longitudinal move-
ment of the center of gravity in
order to stay within the desired
stability margins. Especially
the highly swept fuel tanks
with their long lever arm and a
fuel mass that is nearly half of
the take-o mass caused prob-
lems. By introducing a second
pair of fuel tanks far in front
of the center of gravity and by
cutting the rear outer parts of
the wing tanks, this stability
problem could nally be solved.
Positioning the payload bays
close to the center of gravity
further reduced the movement
of the aircraft's center of grav-
ity. A snapshot of the UCAV's
main components and center of
gravity locations after their re-
arrangement, but before start-
ing the process chain is pro-
vided in Figure 7 (including De-
tail "A"). During the process, the initially estimated masses are continuously changing until the iteration
loop converges. After achieving convergence, the nal center of gravity locations (take-o mass for design
mission without reserve fuel) are shown in Detail "B" of Figure 7.
Figure 8. UCAV 3D view with inner components (CATIA)
One drawback of this Excel spreadsheet is that
it does only contain a 2D model of the inner ge-
ometry, whereas the thickness of the UCAV varies
continuously over the chord. As a consequence,
it is not possible to determine from this model,
whether a component really ts into the outer
shape. As a solution to this problem, the spread-
sheet was extended by a construction Table for
Dassault's CATIA CAD software.23 Combined
with an existing CAD model of the UCAV's outer
shape, the CATIA software uses the construction
Table to generate the inner components as spec-
ied in the Excel spreadsheet. When the spread-
sheet changes during the progress of the process
chain, the corresponding CATIA model is updated
automatically as well. The CATIA 3D model of
the UCAV conguration with its main compo-
nents is shown in Figure 8.
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CG Coordinates Mass Moments of Inertia (CG)
Component Mass [kg] X [m] Y [m] Z [m] Ixx [kgm
2] Iyy [kgm
2] Izz [kgm
2]
Structures 2 677 6:33 0:00 0:00 30 486 3 436 33 922
Landing Gear 496 5:63 0:00 0:00 1 514 1 441 2 955
Propulsion 1 541 5:40 0:00 0:00 0 677 677
Systems 1 790 4:65 0:00 0:00 0 7 627 7 627
Other 559 5:42 0:00 0:00 760 23 783
Empty Mass 7 062 5:58 0:00 0:00 32 760 13 204 45 964
Payload 2 000 5:40 0:00 0:00 3 380 62 3 442
Forward CG 9 092 5:54 0:00 0:00 36 140 13 267 49 407
Fuel 5 140 5:64 0:00 0:00 58 498 19 350 77 849
Rearward CG 12 202 5:61 0:00 0:00 91 258 32 555 123 813
Take-o mass 14 202 5:58 0:00 0:00 94 638 32 617 127 255
Table 4. Mass, CG location, and mass moments of inertia around CG
A mass breakdown of the UCAV is provided in Table 4. It contains the masses of the main components,
their center of gravity locations in X-direction and the mass moments of inertia for the main axis'. The
deviation moments are currently neglected, as well as the center of gravity locations in Z-direction (set to
zero). The table is taken from the Excel spreadsheet after running the process chain and shows the case of
take-o mass with full payload bays and fuel for the design mission (but excluding reserve fuel). For this
mission, the available fuel tank volume is used only by 84.4%. Taking an average fuelburn per time over the
complete mission, the remaining 15.6% fuel volume ( 950 kg) would equal to an additional ight time of
approx. 37minutes. If using the extra fuel to extend especially the high altitude cruise ight (which is the
most ecient ight phase), the additional ight time would increase to approx. 44minutes. So the desired
fuel reserve of approx. 45minutes was nally met quite well. In the latter case, the take-o mass would
increase to 15.15metric tons, meeting the initially assumed 15.0metric tons quite well, too.
The result from simulating the design mission with the nal UCAV conguration is depicted in Figure 9.
It shows altitude, angle of attack, Mach number and fuelow over the mission duration and can be used to
get a more detailed insight to the ight trajectory.
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Figure 9. Trajectory of the simulated design mission
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III. Aerodynamic analyses
The conceptual design workow described in the previous section needs an extensive amount of aero-
dynamic data for performance and load investigations. This database is currently created using simple
and fast aerodynamic methods like VSAERO (used for the design study described in Chapter II) or LIFT-
ING LINE. VSAERO is a 3D singularity method based on the inviscid and incompressible potential ow
theory, calculated on surface meshes. For investigating compressible ows, several compressibility correc-
tions are included; viscous drag can optionally be considered through an iteratively coupled boundary layer
module. LIFTING LINE is running faster than VSAERO, but is based on the even more simplied skeleton
theory (also called camberline theory). In skeleton theory, the 3D surface is reduced to a set of at panels;
hence it neglects all eects coming from thickness. Further simplications include a limitation to small angles
of attack and yaw. For compressible ows, LIFTING LINE oers a compressibility correction as well. Over
the years, VSAERO and LIFTING LINE are well-proven for conventional transport aircraft congurations.
The question now is: How far can these simple methods be used for a highly swept ying wing aircraft?
It is doubtless that the simple theory behind these tools is not able to model the complex vortex systems
occuring for such aircraft, especially at higher angles of attack. On the other hand, this simple theory is
known to behave conservatively in most cases. So the calculated loads are expected to be typically larger than
what really will appear at the aircraft. Unfortunately this also means that control surface eciencies might
be much lower than expected. In this Chapter, results from LIFTING LINE and VSAERO will be compared
to measurements of the DLR-F19 windtunnel model (which was built from the SACCON geometry)24,25,26
and to RANS results created with the "DLR-TAU" code.27,28,29,30 The ow conditions for the comparison
are dened by the windtunnel experiment: Mach number is 0.15, Reynolds number is 1.6 million. TAU is a
CFD tool developed by the DLR Institute of Aerodynamics and Flow Technology. It solves the compressible,
three-dimensional, time-accurate RANS equations using a nite volume formulation. The code is based on
a hybrid unstructured-grid approach, which makes use of the advantages that prismatic grids oer in the
resolution of viscous shear layers near walls, and the exibility in grid generation oered by unstructured
grids. The TAU computations for this study were performed using the RSMk turbulence model. Details
about this model and the complete computational setup can be found in Schutte et al.31 In order to have
comparable results to LIFTING LINE, VSAERO is used here without its boundary layer module. Instead,
the HandbookAero tool is applied to calculate the turbulent viscous drag for VSAERO and LIFTING LINE
by using the method of the equivalent at plate. The computational meshes of the three aerodynamic
methods are depicted in Figure 11 on page 13, together with a photo of the DLR-F19 windtunnel model.
Control surface deections in LIFTING LINE and VSAERO are modeled just by rotating the normal
vectors of the corresponding wing panels - but without changing the geometry itself. In LIFTING LINE,
the hinge line for control surface deection is always projected into the global Y -Z-Plane before use. This
simplication of course leads to slightly dierent results which will be discussed below. In the 3D TAU mesh
(as well as in the windtunnel model), the control surfaces are deected geometrically, but without a gap.
Figure 10 shows the control surface geometry used for LIFTING LINE and VSAERO (left) and for TAU and
the windtunnel model (right). On each side, there are two control surfaces: one inboard and one outboard.
Regarding the side edges, the control surface denition used for LIFTING LINE and VSAERO is not able
to model the geometry from the windtunnel exactly. The simplication which is currently used even leads to
slightly bigger control surfaces and will certainly produce a small over-prediction of control surface eects.
(a) LIFTING LINE and VSAERO (b) TAU and windtunnel model
Figure 10. Dierences in control surface geometry
kReynolds-Stress-Model
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Figure 12 on page 13 shows a comparison of the aerodynamic coecients of the clean conguration
for angles of attack from 0  up to 15 . As can be seen, the LIFTING LINE and VSAERO results agree
quite well. Just for the pitching moment coecient they show a slight deviation, especially for higher
angles of attack. However, since the moment reference point is located very close to the neutral point, the
deviation only means a small discrepancy in the position of the neutral point and must not be overestimated.
Compared to TAU and the experimental data, the lift curve shows a marginally higher slope (which is typical
for potential ow theory) and a minimal shift in the zero-lift angle. As it should be the case for a symmetrical
geometry under symmetrical ow conditions, the side force coecients are all zero - as well as the rolling and
yawing moment coecients. The drag curve of the TAU results diers signicantly from the experimental
results. The reason for this deviation is the inuence coming from the sting of the windtunnel model. This
was shown by a TAU simulation including the sting, performed by Schutte et al.31 The drag curves of
LIFTING LINE and VSAERO are quite similar to each other. For higher angles of attack they show drag
coecients which are much higher than the TAU results. In terms of pitching moment, there is again a strong
deviation between TAU results and experimental data. This topic is also discussed in the above-mentioned
article. In this case, a TAU computation with sting reduces the deviation and leads to similar gradients, but
there is still an oset left between the two curves. As a reason for this oset, the article suspects that the ow
topology coming from the sting is not predicted correctly by TAU. Comparing the pitching moment curves
from LIFTING LINE and VSAERO to the TAU results, it can be stated that they are in good agreement
for low angles of attack. For angles of attack higher than 10  the discrepancy increases due to vortex eects
which are not modeled by the simple methods. Anyway, additional TAU computations for lower angles of
attack are required in order to further assess the quality of drag and pitching moment coming from the
simple methods.
In Figure 13 and Figure 14 on page 14, the dierences due to a deection of the inboard control surfaces
are depicted. The left control surface is deected upwards, whereas the right one is deected downwards -
each one by an angle of 20 . The upper Figure shows the total coecients, the lower one shows the control
surface deltas (obtained by subtracting the clean conguration coecients shown in Figure 12 on page 13
from the total coecients with control surface deection). Generally, it can be stated that the eect on
lift, drag, and pitching moment coming from control surface deection is very small. While LIFTING LINE
behaves strongly linear with nearly no dependency on the angle of attack, the other three curves show
slight dependencies there. However, all four results are still in good agreement. The rolling moments from
LIFTING LINE and VSAERO are quite similar and - for low angles of attack - close to the measurements.
Looking at higher angles of attack (around 10 ), the rolling moments from TAU and windtunnel experiment
begin to decrease whereas the moments from LIFTING LINE and VSAERO stay nearly constant. This
is exactly the expected behaviour for the simple methods: The control surface eciency is slightly over-
predicted and nearly independent from the angle of attack. For angles of attack close to 15 , the over-
prediction reaches a factor of nearly 2. The inuence on the yawing moment is generally quite small. Some
small side force is predicted by the conceptual design methods, but not by RANS and measurements. For
VSAERO, this seems to be an eect which is coming from mesh resolution and computational accuracy and
will be further investigated in the future. For LIFTING LINE, the simple geometry model consisting of at
plates with a slight dihedral due to wing twist creates an unrealistic side force which is proportional to the
angle of attack.
The results from deecting the outer control surfaces in the same way as the inner ones before (see
Figure 15 and Figure 16 on page 15) are showing a similar trend as described above. The most interesting
point in these two diagrams is that the rolling moments coming from the outer control surfaces are nearly
identical or even smaller than the ones coming from the inner control surfaces. Another noticeable eect of
the deection of the outer control surfaces is that the rolling moments from LIFTING LINE and VSAERO
deviate from each other even for low angles of attack. This might be a result of the more complex oweld
generated by VSAERO close to the wingtip.
In Figure 17 and Figure 18 on page 16, inboard and outboard control surfaces of both sides are deected.
Again, the left side is deected upwards by an angle of 20 , whereas the right one is deected downwards
by 20 . As expected, the coecients show the same trends as for the isolated control surface deections
before. However, looking at higher angles of attack, the delta coecients from TAU and experiment are not
identical to the sum of isolated inboard and outboard delta coecients. This means that the highly swept
UCAV control surfaces are having a signicant impact on each other due to 3D ow eects. Therefore, the
combination of isolated control surface deections by superposition of their delta coecients - as commonly
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used for transport aircraft with low wing sweep - is not sucient for high angles of attack. LIFTING LINE
and VSAERO are not predicting this cross-inuence.
Finally, the eect of sideslip is depicted in Figure 19 on page 17. In order to display the eects clearly, an
angle of attack of 10  and a deection of all control surfaces as described in Figure 17 is applied. The trends
from VSAERO t well to the results from TAU and from the windtunel measurements. The absolute values
for the pitching moment are under-predicted, the rolling moment is signicantly over-predicted. Taking into
account that the absolute values are all quite low (except for the lift coecient) the VSAERO results can
be considered as sucient here. Regarding LIFTING LINE, it is obvious that there is nearly no inuence
from the sideslip angle. This eect is a result from the simplications described above in combination with
the SACCON geometry: In LIFTING LINE, the SACCON geometry is nearly a totally at plate. As the
sideslip angle is considered to be small, the ow in X-direction is not reduced due to sideslip. Hence, the
rolling moment coming from deected control surfaces is slightly over-estimated and nearly independent from
sideslip as well. On the other hand, the component from the incoming ow which is oriented in Y -direction
does not create signicant eects because the LIFTING LINE geometry is nearly at and the kinematic ow
condition for each panel (including control surfaces) is evaluated in the X-Z-plane only. As a consequence,
LIFTING LINE cannot predict the coecients due to sideslip here.
IV. Conclusion
DLR's conceptual design system was extended in order to permit design and analysis of highly swept
ying wing UCAV congurations. A UCAV design task based on the generic NATO STO/AVT-161 SACCON
geometry was specied and a conceptual design workow for this task was created. Together with partners
from several disciplines, the UCAV design was performed in a distributed process. A global scaling factor of
10 and an elaborated inner layout were the keys for fullling the design requirements. The question, whether
simple and fast aerodynamic methods can provide suitable aerodynamic coecients for such a conguration
was investigated by comparison to RANS aerodynamics and windtunnel measurements. As a result it can
be stated that the coecients from simple aerodynamic methods can be sucient as long as the angles of
attack are kept low. The eects of deected control surfaces are covered with a slight overestimation, but
are still sucient for low angles of attack. However, further investigations including TAU computations
at lower angles of attack are still required in order to quantify the errors made by the simple methods.
If an emphasis is placed on sideslip in combination with at aircraft congurations, methods that are not
neglecting thickness have to be used. At higher angles of attack, especially the pitching moment from simple
methods might develop strong deviations to reality both in total values and trends. So, a mission analysis
for fuel estimation can normally use coecients from simple methods without problems. For the design
of a ight control system or other ight dynamic investigations in the early stages of design, aerodynamic
data coming purely from simple methods might not be sucient. In such cases, a multi-delity approach
could help to correct thousands of potential ow computations by a few well selected RANS computations
or windtunnel measurements.
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Appendix
(a) LIFTING LINE mesh (b) VSAERO mesh
(c) TAU mesh (d) DLR-F19 Windtunnel model
Figure 11. Aircraft models for computation and windtunnel measurements
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Figure 12. Total coecients of clean conguration (M = 0:15, RE = 1:6  106)
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Figure 13. Total coecients of conguration with deected inboard control surfaces
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Figure 14. Delta coecients due to deected inboard control surfaces
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Figure 15. Total coecients of conguration with deected outboard control surfaces
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Figure 16. Delta coecients due to deected outboard control surfaces
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Figure 17. Total coecients of conguration with deected inboard and outboard control surfaces
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Figure 18. Delta coecients due to deected inboard and outboard control surfaces
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Figure 19. Total coecients of conguration with deected inboard and outboard control surfaces,  = 10
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